Objective and design This study aimed to evaluate the effect of all-trans retinoic acid (atRA) on suppressing the inflammatory response and promoting the osteoblastic differentiation of bone marrow stromal cells (BMSCs) on titanium in a lipopolysaccharide (LPS)-induced microenvironment. Methods BMSCs were divided into four groups and treated with LPS (1 lg/mL), atRA (1 nmol/L), LPS ? atRA, or left untreated. Cells were then cultured on titanium surfaces and cell function compared. BMSC proliferation and osteoblastic differentiation were assessed using the MTT assay, alkaline phosphatase (ALP) activity, alizarin red staining, and quantitative real-time polymerase chain reaction (RT-PCR). Expression levels of inflammatory factors were measured by quantitative RT-PCR and enzyme-linked immunosorbent assay. Results Increased mineralized nodule formation, ALP activity, osteocalcin, and osteopontin expression levels were detected in LPS ? atRA-treated BMSCs after osteogenic induction, when compared with LPS-treated cells. In addition, the high levels of tumor necrosis factor-a, interleukin-1b, and receptor activator of nuclear factor-j B ligand (RANKL) expression induced by LPS were inhibited after treatment with atRA.
Introduction
Periodontal tissues exposed to the oral microbial environment are easily infected by bacteria and undergo excessive alveolar bone resorption and attached soft-tissue destruction, regularly seen in periodontitis and peri-implantitis [1, 2] . Porphyromonas gingivalis (P. g) [3] is considered the major pathogen of periodontitis and peri-implantitis; therefore, many studies have been conducted to identify the pathogenic mechanism in these diseases [4, 5] . Lipopolysaccharide (LPS) is a highly bioactive molecule produced by Gram-negative bacterium, including P. g [6] . LPS functions predominantly to promote bone-absorbing cytokines, such as tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), and receptor activator of nuclear factor-j B ligand (RANKL). LPS, therefore, plays an important role in the development of periodontal soft-tissue destruction and alveolar bone resorption [7, 8] .
In peri-implantitis patients, LPS initiates peri-implant inflammation and subsequently affects implant success rate [9] . Soluble LPS can adhere to the titanium surface and become resistant to removal by sterilization, even when treated with antibiotics [10, 11] . Furthermore, another study found that LPS adhered to titanium surfaces did not affect cell attachment but inhibited osteogenic differentiation [12] . To reduce LPS-induced inflammation, several pharmaceutical approaches have been applied, including endotoxin-specific antibodies, cytokine receptor antagonists, and anti-inflammatory cytokines [10, 13] .
Administration of vitamin A [14] has been identified to suppress inflammatory responses induced by pathogens [15, 16] . However, neither the anti-inflammatory effect nor osteogenic potential of vitamin A in the P. g-LPS-induced environment is fully understood. Bone marrow stromal cells (BMSCs) are a population of multipotent cells with potential therapeutic value. Owing to their osteogenic capability, BMSCs have been applied for treatment of periodontal bony defects and to facilitate osseointegration [17, 18] . In this study, we aimed at investigating the regulatory effects of all-trans retinoic acid (atRA), a biologically active metabolite of vitamin A, on LPS-stimulated BMSCs cultured on titanium surfaces.
Materials and methods

Isolation and identification of BMSCs
BMSCs were obtained as previously described [19, 20] . Briefly, under aseptic conditions, both femur and tibia bones were excised from 8-week-old female SpragueDawley rats, followed by carefully removing the attached muscles. Both ends of each bone were then cut and the bone marrow was flushed out by injecting alpha Minimal Essential Medium Eagle (Gibco-BRL, Grand Island, NY, USA) containing 20 % fetal bovine serum (Gibco-BRL) and 1 % penicillin/streptomycin. The cell suspension was plated and cultured at 37°C with 5 % CO 2 . Non-adherent cells were removed by changing the medium after 72 h. Cells at passages 2-4 were used in this study. This study was approved by the ethics committee of Wuhan University, China. BMSCs were obtained as previously described [19, 20] .
Single-cell BMSC (at passages 2-4) suspensions were obtained and flow cytometry was performed using a FACSCalibur flow cytometer (San Jose, CA, USA) to detect CD29, CD90, and CD45 cell surface markers. The following mAbs were used: FITC-labeled anti-CD29, PElabeled anti-CD45, anti-CD90, and their isotype controls. All antibodies were purchased from BD Biosciences and R&D Systems.
Titanium disk preparation and BMSC seeding Samples of commercial pure titanium, 15 mm in diameter and 1 mm thick, were purchased from the Nonferrous Metal Industry Co. (Baoji, China). In accordance with previous reports, samples were first polished using sandpaper, then were washed in acetone, followed by absolute ethyl alcohol and double-distilled water (twice), prior to air drying [21, 22] . Disks were individually placed into wells of a 24-well plate with the polished surface upwards.
BMSCs were detached from culture surfaces by treatment with 0.025 % trypsin/0.05 % EDTA and were reseeded onto the titanium disks in 50 lL of suspension to cover the disk surface, at 5 9 10 4 cells/cm 2 . An equivalent amount of cells was seeded into wells of a 24-well plate as a control. Cells were incubated at 37°C with 5 % CO 2 for 4 h, prior to adding 1 mL/well media. Cell medium was changed every 3 days.
MTT assay
Cultures were maintained for 24 h in medium supplemented with 10 % FBS. Different concentrations of LPS (10, 1, 0.1, and 0.01 lg/mL) were used to stimulate BMSCs. At a concentration of 1 lg/mL, LPS did not affect BMSC proliferation but significantly decreased mineralization; therefore, this concentration was used for the study. In accordance with previous studies, a dose of 1 nmol/L atRA was selected for our study [15, 16] . BMSCs were divided into four groups as follows: (1) stimulation with LPS (1 lg/mL); (2) stimulation with atRA (1 nmol/L); stimulation with LPS (1 lg/mL), and atRA (1 nmol/L); (4) untreated control. BMSC proliferation was assessed using the MTT assay [23] . Briefly, cells were seeded as described above and were exposed to MTT for 4 h. After removal of the medium and addition of dimethyl sulfoxide, the absorbance was measured at 490 nm.
Mineralization assay
After BMSC adhesion and expansion on titanium, the cells were cultivated in osteogenic medium as previously described [24, 25] . Identical concentrations of P. g-LPS and atRA were added into the medium, with medium changes every 3 days thereafter. At day 14, BMSCs on the titanium were fixed with 4 % cold paraformaldehyde for 20 min at room temperature, and incubated with Alizarin Red for 30 min. Excess stain was removed by washing three times with phosphate-buffered saline (PBS). Hexadecylpyridinium chloride was used to dissolve the mineralized nodules, and obtain quantitative data by measuring OD values at 562 nm.
Alkaline phosphatase activity
At days 7 and 14, BMSCs cultured in osteogenic medium were treated with triton for 4 h. The supernatants were then added into wells of a 96-well microplate. Enzyme assay solution (200 lL) was added to each well and the plate was incubated for 30 min in a 37°C incubator. The enzyme reaction was terminated by the addition of 50 lL of 0.1 mol/L NaOH. The ALP reaction product was determined by measuring the absorbance at 405 nm using a microtiter plate reader.
Enzyme-linked immunosorbent assay (ELISA) for cytokine determination
The presence of the cytokines, TNF-a and IL-1b, in the supernatants was evaluated using ELISA kits (Elabscience Technology Co., Wuhan, China) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (RT-PCR)
BMSCs on titanium surfaces were washed with PBS and total cellular RNA was extracted using an HP RNA Mini kit (Omega, Norcross, GA, USA). Total RNA was reverse transcribed in accordance with the manufacturer's instructions (Takara, Tokyo, Japan). After reverse transcription, the 20-lL reaction mixture was diluted to 200 lL so that 5 lL of the RT reaction, when added to a PCR, would be equivalent to 100 ng of total RNA. cDNAs were synthesized from 1 lg of total RNA from the cultured cells. PCR amplification was performed in a real-time PCR system with specific primers for TNF-a, IL1b, osteocalcin (OCN), osteopontin (OPN), and RANKL, and b-actin was used as an internal control. The reaction conditions for PCR were 40 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 34 s, and extension at 72°C for 1 min. Primer sequences for differentiation markers are detailed in Table 1 .
Statistical analysis
All values were expressed as mean ± standard deviations of three independent experiments. Statistical significance of the differences between each group was assessed by one-way analysis of variance with Tukey's post-test and P \ 0.05 was considered significant.
Results
Molecular phenotype of primary BMSCs
Flow cytometry using single-cell BMSC suspensions (at passages 2-4) showed that expression of CD29 and CD90 was greater than 95 %, while expression of CD45 was less than 5 %. This indicated that the BMSC population used in our experiments was uniform with high purity (Fig. 1) .
BMSCs proliferation on titanium disks after stimulation
There was no statistically significant difference in BMSC proliferation between titanium disk and tissue culture plastic during 11 days culture in vitro (Fig. 2a) .
Similarly, there was no significant difference in BMSC proliferation between P. g-LPS and atRA-stimulated cells compared with the untreated control group (Fig. 2b) . This result suggested that neither P. g-LPS nor atRA influenced BMSC proliferation on titanium disks.
Alizarin Red staining and ALP activity Figure 3a shows images of Alizarin Red-stained cells from each group following culture in osteogenic medium. Fewer mineralized nodules formed when P. g-LPS was present in the medium, whilst more mineralized nodules formed when atRA was added simultaneously. Quantitative assessment of Alizarin Red confirmed the results (Fig. 3b) .
Alkaline phosphatase (ALP) activity at day 14 is shown in Fig. 3c . Compared with the control, P. g-LPS treatment decreased ALP activity but levels were recovered after addition of atRA.
Osteogenic gene expression in BMSCs
Quantitative real-time RT-PCR results for osteogenicrelated marker mRNA expression in each group, relative to the control, are shown in Fig. 4 . P. g-LPS markedly decreased mRNA expression of OCN and OPN in BMSCs at almost every time point. However, in the presence of atRA, there was no obvious effect on expression of OPN or OCN. Inflammatory cytokine production and gene expression in BMSCs
Changes in TNF-a and IL-1b in the culture medium of the BMSC groups were evaluated by ELISA (Fig. 5a, b) . The level of IL-1b in the P. g-LPS-treated group increased significantly at 6 and 12 h, while the level of TNF-a increased significantly at 24, 48, and 72 h compared with the control (P \ 0.05). Interestingly, levels of IL-1b and TNF-a returned to normal at identical time points when atRA was given in combination with P. g-LPS.
Gene expression of TNF-a and IL-1b was also examined (Fig. 5c, d ). Addition of P. g-LPS alone to the cell culture medium produced an increase in both IL-1b and TNF-a mRNA. The expression level of IL-1b increased almost fourfold at early time points (6 and 12 h, P \ 0.01), and the level went down significantly when atRA was added (P \ 0.05). With respect to TNF-a, increased expression occurred at later time points (48 and 72 h, P \ 0.05). Similarly, addition of atRA had an inhibition effect on TNF-a expression (P \ 0.05).
Discussion
Inflammatory responses caused by over-production of inflammatory mediators involved in the pathogenesis of periodontal diseases. Therefore, controlling these inflammatory responses is one major approach to treat periodontitis and peri-implantitis. Previous studies reported that vitamin A is involved in the inflammation reaction and has anti-inflammatory properties [15, 16] . In this study, we confirmed that atRA attenuated the inflammatory response induced in LPS-treated BMSCs.
P. g-LPS plays an important role in the destruction of periodontal tissue by stimulating production of boneabsorbing inflammatory cytokines and inhibiting osteoblastic differentiation of pre-osteoblasts [7, 26] . BMSCs were cultivated on titanium disks and P. g-LPS was added to imitate an inflammatory microenvironment. Both gene expression and protein level of IL-1b showed an obvious rise at early time points, whilst TNF-a increase occurred later (24, 48 , and 72 h). These time-dependent changes in inflammatory factors were similar with previous findings Fig. 1 FACS assay showing the expression of CD29 and CD90 was more than 95 %, but CD45 less than 5 %; auto fluorescence is marked as a green filled histograms (color figure online) Fig. 2 Cell viability of BMSCs cultured on titanium surface up to 11 days, and cells grown on plastic surface were used as control (a); BMSCs cultured on titanium surface after stimulation with LPS (1 lg/ mL), atRA (1 nmol/L), LPS ? atRA, or left untreated. Data were expressed as mean ± SD from three independent cultures with triplicates [15] . Kato et al. and Herath et al. [5, 8] reported the promoting effect of P. g-LPS on the production of TNF-a and IL-1b, proving an integral role of P. g-LPS as a potent stimulator of inflammatory cytokines.
When atRA was added simultaneously with P. g-LPS, the evoking expression levels of TNF-a and IL-1b went down obviously. However, no significant differences were found at time points with no increased expression of inflammatory cytokines. Another interesting phenomenon is that atRA did not reduce TNF-a and IL-1b expression when added alone to BMSCs. This might explain why the anti-inflammatory effect of atRA occurred when there was a significant increase in inflammatory factors caused by the presence of P. g-LPS. These results are consistent with some previous reports. Wang et al. [16] investigated the effect of atRA on P. g-LPS-induced inflammatory responses in vitro, and Gu et al. [15] found that atRA attenuates the LPS-induced inflammatory response.
When bone tissue is confronted by bacterium and their products, the balance between bone formation and resorption is broken with suppressed osteoblastic activity and enhanced osteoclastic activity. In the alveolar bone area, bacterium and LPS significantly affect bone resorption and regeneration, and excessive bone resorption could arise causing periodontitis and peri-implantitis, when faced with such inflammations [27] . In our study, investigation was performed to determine the effect of atRA on the osteogenesis of BMSCs in an inflammatory environment on titanium surfaces. P. g-LPS had no inhibitory effect on the adhesion and proliferation of BMSCs. However, during osteogenic differentiation, mineralized nodule formation and ALP activity decreased significantly when P. g-LPS was added, indicating inhibition of osteogenesis. Although atRA is widely reported as an anti-inflammatory, reports of its effect on the osteoblastic differentiation of BMSCs under an inflammatory environment remain limited. In our study, atRA was observed to inhibit the P. g-LPS-induced osteoblastic-inhibition effect. BMSCs in the P. g-LPS ? atRA-treated group exhibited more mineralized nodule formation and a higher ALP activity compared with the P. g-LPS-treated group. These results indicate that atRA might work effectively on the osteogenesis of BMSCs in an inflammatory environment. OCN and OPN are markers of osteoblastic differentiation [28] . Levels of these markers were significantly reduced at the majority of time points in the control group compared with the P. g-LPS-treated group. This decreased expression of OCN and OPN also provided evidence for the inhibition effect of P. g-LPS on the osteoblastic differentiation of BMSCs. However, when atRA was added in combination with P. g-LPS, ALP activity was higher, with no significant increase in OCN and OPN compared with the P. g-LPStreated group. Furthermore, there was no difference between the atRA-treated group and control with respect to OCN and OPN expression, mineralized nodules, and ALP activity. It is possible that atRA regulates ALP expression during BMSCs osteoblastogenesis, which is related to early stages of osteoblast differentiation, but not in late stages when OCN and OPN are involved. Results from Hisada et al. [29] suggest that atRA is a specific regulator of ALP expression during osteoblastogenesis and it does not increase expression of OCN or other osteoblastogenic genes. In addition, Hu et al. [30] report that atRA inhibits RANK-stimulated osteoclast differentiation by suppressing RANK in vitro. We also found that the inhibition effect of atRA on RANKL was more apparent when P. g-LPS stimulation occurred (results not shown). TNF-a and IL-1b are proinflammatory cytokines expressed in BMSCs, which inhibit osteoblast differentiation. These cytokines inhibit ALP activity and expression of osteoblast differentiation markers [31, 32] . Considering these findings, the present data indicate that atRA might help to promote osteogenesis of BMSCs on titanium through attenuating P. g-LPSinduced inflammatory and osteoclastic responses.
Within this study, the titanium surface was partially hydrophilic and, therefore, able to offer initial adhesion and differentiation of BMSCs [33] . An identical proportion of cells was seen to adhere to the titanium and plastic surfaces after 4 h. Furthermore, subsequent cell expansion was (c, d) . The results were represented as relative ratio to control (control = 1) at the first time point. Data were expressed as mean ± SD from three independent cultures with triplicates, *P \ 0.05 unchanged, which coincides with the results of studies by Nebe et al. and Wall et al. [34, 35] . The P. g-LPS-induced inflammatory condition and inhibiting role of atRA on titanium are discussed, to indicate a potential effect of atRA on titanium surfaces in vivo [36] . However, effects of atRA on osteoblastogenesis have been shown to both promote and inhibit osteoblast function [29, 37] . These studies were carried out under standard osteoblastic conditions, and until now no studies have explored the effects of atRA under a P. g-LPS-induced inflammatory environment. Further studies are necessary to clarify the molecular mechanisms for investigating the detailed effects of atRA and P. g-LPS on bone formation.
In conclusion, this in vitro study has demonstrated for the first time that atRA inhibits the proinflammatory and osteoclastic impact effect of P. g-LPS, promoting osteogenic differentiation of BMSCs on titanium surfaces. This suggests that atRA might represent a potential therapeutic factor for treating peri-implant inflammatory diseases.
